• Premise of the study: Just as Sanger sequencing did more than 20 years ago, next-generation sequencing (NGS) is poised to revolutionize plant systematics. By combining multiplexing approaches with NGS throughput, systematists may no longer need to choose between more taxa or more characters. Here we describe a genome skimming (shallow sequencing) approach for plant systematics.
For almost two decades, plant systematists have used DNA sequences to characterize and classify plant diversity. These studies have had a profound infl uence on our understanding of plant phylogenetic relationships and patterns of diversifi cation. This progress is all the more remarkable when one considers that most of these studies used only hundreds to thousands of nucleotides, representing a tiny fraction of the millions to billions of base pairs in a land plant genome. Phylogenetic analyses using kilobase-scale sampling of the chloroplast (e.g., Parks, Cronn, and Liston, 2009 ; Givnish et al., 2010 ; Moore et al., 2010 ) and nuclear genome (e.g., Shulaev et al., 2011 ) have demonstrated the potential for larger nucleotide data sets to increase the resolution of, and support for, phylogenetic hypotheses. The increasing accessibility and affordability of nextgeneration sequencing (NGS) provides an impetus for plant systematists to transition from Sanger sequencing of a small number of loci to genome sequencing that provides access to kilobases of data from three organelles (chloroplast, mitochondrion, and nucleus) in a single run ( Steele and Pires, 2011 ) . The combination of the immense yield of the currently most cost effective platform (Illumina HiSeq 2000) with multiplexing approaches ( Cronn et al., 2008 ; Meyer and Kircher, 2010 ) means that systematists may no longer need to choose between more loci or more taxa.
In contrast to the Sanger sequencing traditionally used for plant molecular systematics studies, NGS is quantitative. Thus, in addition to obtaining the primary nucleotide sequence, NGS approaches can provide a count of the number of times each base is sequenced. This concept of sequencing depth is central to the utilization of NGS data. If the target is a complete nuclear genome, sequencing depth can be estimated as the total number of base pairs obtained divided by the genome size. However, this calculation is only accurate for parts of the genome that are present in a single copy. Repetitive sequences comprise a substantial fraction of plant genomes, and the sequencing depth of a repeat will rise in proportion to its copy number in the genome. For example, transposable element content in sequenced plant genomes ranges from 14% in papaya ( Ming et al., 2008 ) Assessing the utility of low coverage genomes for phylogenetic marker development -Ninety data sets were created using the read pool subsampling process described earlier with scripts that output fasta rather than fastq format and eliminate N-containing reads (B. Knaus, USDA Forest Service, unpublished data) . The conserved orthologous sequence set for asterids (COSII; Wu et al., 2006 ) , consisting of 1086 single copy genes, was used to determine the utility of these read subsamples for marker development for phylogenetic studies following the strategy outlined in Straub et al. (2011) . Within each read type (single-end, paired-end), a one-way ANOVA followed by a TukeyKramer HSD to correct for multiple tests was used to determine the effect of sequencing depth on two metrics of suitability for primer design: the number of COSII loci with any hits and the number of loci with two or more hits. To assess the effect of single-end vs. paired-end data, a Wilcoxon signed rank test was used. Tests were implemented in JMP 9.0.2.
Effects of divergence from the reference on plastome assembly -Along with the A. syriaca plastome (GenBank JF433943), three additional plastome references were obtained for testing: Nerium oleander L. (Apocynaceae; M. Moore, Oberlin College, and D. Soltis, University of Florida, unpublished data), Coffea arabica L. (Rubiaceae; GenBank EF044213.1), and Nicotiana sylvestris Speg. (Solanaceae; GenBank AB237912.1). Sequences were aligned in the program MAFFT v. 6.857 ( Katoh and Toh, 2008 ) using default settings. The pairwise distances between the aligned plastome references were calculated in the program MEGA v. 5.05 ( Tamura et al., 2011 ) . Each sequence, including only one copy of the inverted repeat, was used for reference-guided assembly in the Alignreads v. 2.25 pipeline ( Straub et al., 2011 ) for each of the fi ve 0.1 × sequencing depth single-end data subsets. The similarity setting for the YASRA ( Ratan, 2009 ) component of the pipeline was set to " same " ( > 95% identity to to > 75% in maize ( Baucom et al., 2009 ) . Likewise, the sequencing depth of the plastid and mitochondrial genomes will refl ect their proportion in sequences obtained from total genomic DNA. Due to their relative abundance in total genomic DNA, shallow nuclear genome sequencing ( Fig. 1 ) results in relatively deep sequencing of plastome, mitochondrial genome, and repetitive nuclear sequences. Although assembly of the complete nuclear genome requires deep sequencing ( Schatz et al., 2010 ) , relatively shallow sequencing can be used to characterize conserved nuclear loci for molecular systematics ( Fig. 1 ; Straub et al., 2011 ) .
Although various NGS technologies exist or are under development, we have chosen to focus on the Illumina platform because it provides the lowest sequencing cost per base ( Schatz et al., 2010 ) and has straightforward sample preparation protocols amenable to multiplexing and other customizations, and data from this platform accounts for the vast majority of the NGS data collected and deposited in short read sequence repositories to date ( Leinonen et al., 2011 ) . In this paper, we describe our utilization of Illumina technology to " skim " the high copy fraction of the genome to obtain nucleotide sequences of nearly complete plastid genomes and nuclear ribosomal DNA (rDNA), as well as kilobase portions of the mitochondrial genome. Genome skimming can also provide partial sequences of low-copy nuclear loci, suffi cient for designing PCR primers or probes for hybridization-based genome reduction approaches (this volume: Cronn et al., 2012 ) . Through simulations, we determine optimal sequencing depth and evaluate the performance of single-end and paired-end sequence data sets for (1) the assembly of ribosomal DNA and plastome sequences and (2) the characterization of conserved low-copy nuclear loci. We also address the effect of increasing divergence from a reference for reference-guided plastome assembly. We then demonstrate the utility of this approach for plant molecular systematics in a phylogenetic analysis of the " Sonoran Desert clade " (SDC) of Asclepias L. (Apocynaceae). In addition to phylogeny, the SDC example highlights additional insights gained from the quantitative aspect of NGS through characterization of intragenomic rDNA polymorphism. Finally, to help generalize our results into recommen- Fig. 1 . The genomic iceberg: the relationship between genomic targets, the sequencing depth required to obtain them, and the most appropriate method of sequence assembly.
involving mitochondrial or nuclear pseudogenes) or very high sequencing depth (possible misassembled repeats) relative to the surrounding region and problem areas were masked.
An iterative approach was used to obtain the rDNA cistron sequences for each individual of the SDC. First, reads from each individual were aligned against the A. syriaca reference (GenBank JF312046) with the external transcribed spacer and nontranscribed spacer trimmed. A low masking threshold was used to allow the consensus to differ from the reference (Alignreads option -w 1 0.5). The A. subulata 423 assembly resulted in a single contig with few ambiguous base calls, and so was chosen to act as a new SDC reference. Reads from each SDC individual were then aligned to this A. subulata reference in Alignreads with more stringent masking parameters (-w 5 -x 25 0.5).
Partial mitochondrial genomes were assembled using the fi ve longest contigs from the A. syriaca mitochondrial genome assembly ( Straub et al., 2011 ) as references with separate assemblies for each contig. Because of the expected presence of chloroplast DNA in plant mitochondrial genomes ( Knoop et al., 2011 ) , these contigs were screened for similarity to chloroplast sequences using BLAT, but none was detected. Because of the low sequencing depth, the mitochondrial assemblies were masked only for positions with less than fi ve covering reads. Consensus sequences were trimmed to match the lengths of the references and masked where there were gaps between the contigs when aligned to the references and places where the contig sequences showed little similarity to the reference, likely indicating rearrangements.
Sequence alignment and phylogenetic inference -Consensus plastome sequences were then aligned using the program MAFFT v. 6.857 with default settings. Alignment for the mitochondrial sequences was trivial because of high sequence similarity and previous alignment to the references with the program NUCmer v. 3.07 ( Delcher et al., 2002 ; Kurtz et al., 2004 ) as part of the Alignreads pipeline. The rDNA cistron sequences were aligned using local pair alignment with 1000 iterations in MAFFT v. 6.240. One ambiguous area where two contigs poorly overlapped in A. cutleri 382 required manual curation from the read pileup. Each alignment also contained the A. syriaca reference sequence used in the assembly process to serve as an additional outgroup. All alignments were corrected by eye. Areas of likely misassembly (polynucleotide runs, ATrich repeats, the accD pseudogene), areas with inversions in some sequences, including differences due to the shifting boundary of the inverted repeat, and other diffi cult to align regions were removed from the plastome matrix prior to phylogenetic analysis. The matrices for the fi ve mitochondrial references were concatenated into a single matrix using the program WinClada v. 1.7 ( Nixon, 1999 ( Nixon, -2004 and sequences with more than 30% missing data were removed. Plastome and rDNA cistron sequences were submitted to GenBank ( Table 1 ) . Mitochondrial contig sequences are available at http://milkweedgenome.org. The numbers of variable and informative characters were calculated in MEGA 5.05. Each matrix was then analyzed separately using maximum parsimony (MP) and maximum likelihood (ML) optimality criteria.
Parsimony analyses were conducted in the program TNT v. 1.1 ( Goloboff et al., 2008 ) using implicit enumeration (branch and bound) to fi nd exact solutions and with uninformative characters deactivated. The resulting trees were viewed and characterized using WinClada v. 1.7. The program PAUP* v. 4.0b10 ( Swofford, 2003 ) was used to perform 10 000 branch and bound bootstrap replicates with all characters activated. Parsimony bootstrap support was calculated for the most likely tree topology from the ML analyses.
Maximum likelihood analyses were accomplished using the program RAxML v. 7.2.6 ( Stamatakis, 2006 ) estimating sequence evolution using the GTRGAMMA model. Of the models of molecular evolution available in RAxML, we chose to use the full model, rather than those involving approximations of the GTR plus gamma model for increased computational effi ciency, because our analysis could be run in a reasonable amount of time due to the small number of terminals. The chloroplast and mitochondrial genome matrices were unpartitioned, but the rDNA matrix was partitioned into ribosomal and spacer region sequence. Support was assessed with 10 000 rapid bootstrap replicates ( Stamatakis et al., 2008 ) . Trees were viewed in FigTree v. 1.3.1 ( Rambaut, 2006 ( Rambaut, -2009 .
Intragenomic rDNA polymorphism analysis -Read pools for each individual were fi ltered to remove reads with an average Phred quality score below 20 using the FASTX-Toolkit ( Gordon, 2011 ) . Within the remaining reads, any bases with a score below 20 were converted to ' N ' . The quality fi ltered reads were aligned against their own rDNA reference using BWA 0.5.7. From this output, the proportion of reads at each position differing from the majority of read calls was calculated. Only positions with ≥ 2% of reads differing from the majority were considered polymorphic to minimize the impacts of sequencing the reference) for the Asclepias reference and " medium " ( > 85% identity to the reference) for the other three references. For each of the three divergent references, assembled contig sequences were then aligned to the A. syriaca plastome sequence using the alternate-ref option in Alignreads. Consensus plastome sequences were masked at positions with sequencing depth less than fi ve reads and single nucleotide polymorphisms (SNPs) vs. the reference were masked if sequencing depth was not at least 25 with a call proportion of 0.8 ( Whittall et al., 2010 ) . Three regions prone to misassembly, two involving mononucleotide repeats and one involving the accD pseudogene (see Straub et al., 2011 ) , were removed from each assembly prior to downstream analyses. Additional sites in the assembly consensus sequence were then masked by hand in the alignment editor BioEdit v. 7.0.5.3 ( Hall, 1999 ) for the following three cases: (1) gaps in coverage of the reference due to gaps between contigs, (2) introduced ambiguity codes due to incorrectly assembled indels or SNPs between overlapping contigs, or (3) long stretches of sequence divergent from the reference present at contig ends. The amount of unmasked consensus sequence, number of contigs, longest contig, and N50 for each assembly were determined using BioEdit and a perl script, contig-stats.pl (available at http://milkweedgenome.org). Differences in these metrics were determined using a one-way ANOVA plus Tukey -Kramer HSD test to correct for multiple comparisons implemented in JMP 9.0.2. Straub et al. (2011) with the following modifi cations: (1) fragmented DNA was ligated to adapters carrying unique 4 -6-bp " barcodes " ( Craig et al., 2008 ; Cronn et al., 2008 ) to allow multiplexing, (2) reactions were done at one half the recommended volume, and (3) in several cases agarose gel-based size selection was not used. In the latter case, we relied on sonication to minimize large molecular weight fragments ( > 1000 bp) and purifi cation with Agencourt AMPure (Beckman Coulter Genomics, Danvers, Massachusetts, USA) to minimize low molecular weight fragments ( < 200 bp), including adapter/primer dimer contamination ( Lennon et al., 2010 ) . AMPure was used both after ligation of adapters and after PCR enrichment at ratios of 0.7 − 1.1 : 1 AMPure to reaction volume. The specifi c ratio varied depending on the fragmentation profi le of the library as determined by gel electrophoresis after sonication and after enrichment (i.e., higher ratios were used for relatively high molecular weight libraries, and vice versa). Libraries were quantifi ed using a Qubit fl uorometer (Invitrogen by Life Technologies, Carlsbad, California, USA) and multiplexed in equimolar ratios. Eighty base-pair single-end reads were sequenced on an Illumina GAIIx sequencer (Illumina, San Diego, California, USA) at the Center for Genome Research and Biocomputing at Oregon State University. Resulting data were analyzed using Illumina ' s Real Time Analysis v. 1.6 or 1.8 and CASAVA v. 1.6 or 1.7. Adapter reads were removed and barcoded reads sorted using perl scripts ( Knaus, 2010 ) .
Genome skimming for phylogenetics in the Sonoran
The sequencing depths for rDNA and the plastid and mitochondrial genomes were determined using the BLAT assembler ( Kent, 2002 ) with default parameters to determine the number of unique read hits to the A. syriaca plastome (GenBank JF433943) and rDNA (GenBank JF312046, JF312047) sequences and the fi ve longest contigs from the A. syriaca mitochondrial genome assembly ( Straub et al., 2011 ) . The approximate sequencing depth for the nuclear genome was determined using the reads not identifi ed as chloroplast or mitochondrial and the genome size of A. syriaca because the genome sizes of the Sonoran Desert clade species are unknown. All were assumed to be diploid because no polyploids have been identifi ed in Asclepias (2 n = 2 x = 22).
Sequence assembly and masking -Assemblies for each individual were accomplished using the program Alignreads v. 2.25 ( Straub et al., 2011 ) . Whole plastomes were assembled using the A. syriaca reference (GenBank JF433943) with only one copy of the inverted repeat present and the same masking parameters as described already for the divergent reference tests. The Alignreads output was checked in BioEdit. Areas with multiple contig alignments indicating insertions or deletions vs. the reference were expanded or contracted to incorporate these differences. Read pileups for areas with many SNPs, introduced IUPAC ambiguity codes, or other features that indicated possible misassembly were checked in the program Tablet v. 1.11.05.03 ( Milne et al., 2010 ) . If any such problem was detected, the area was masked. Read pileups were also screened in Tablet for areas of very low sequencing depth (possible misassembly Straub et al., 2011 ) . Sites with ≥ 10% differing base calls were considered highly polymorphic.
Chloroplast and rDNA content of Apocynaceae Illumina libraries -The proportions of plastid and rDNA in Illumina sequencing libraries from 80 Apocynaceae tribe Asclepiadeae samples (A. Liston, unpublished data) and 11 samples from other Apocynaceae tribes (S. Straub and T. Livshultz, unpublished data) were calculated using BLAT as described above (Appendix S1, see Supplemental Data with the online version of this article). Libraries were sequenced on the Illumina GAIIx or HiSeq 2000, and produced at least 100 000 80-bp or 100-bp sequence reads. To account for divergence from the Asclepias cpDNA and rDNA references, the estimated number of matching reads was increased by 5% for Apocynaceae, excluding Asclepias and other Asclepiadeae, based on 0.046 pairwise divergence between the A. syriaca and Nerium oleander plastomes. A t -test assuming unequal variances implemented in JMP 9.0.2 was used to test for differences between the values observed for Asclepiadeae and those observed for the rest of Apocynaceae.
RESULTS
Genome skimming in silico -Effects of sequencing depth and read type on assembly success -Nuclear genome sequencing depths of 0.01 × to 4 × resulted in rDNA and plastome sequencing depths also spanning two orders of magnitude ( Fig. 2 ) . Sequencing depth had a signifi cant effect on both the number of unambiguously called bases (rDNA single-end, F 8,36 = 34.7005, P < 0.0001; rDNA paired-end, F 8,36 = 7650.309, P < 0.0001; cpDNA single-end, F 8,36 = 57.0139, P < 0.0001; cpDNA pairedend, F 8,36 = 205.1690, P < 0.0001) and amount of unmasked sequence based on the presence of fi ve or more reads covering the position in the consensus sequence (rDNA single-end, F 8,36 = 149.1947, P < 0.0001; rDNA paired-end, F 8,36 = 15.4803, P < 0.0001; cpDNA single-end, F 8,36 = 1196.508, P < 0.0001; cp-DNA paired-end, F 8,36 = 2749.501, P < 0.0001) for both the rDNA and plastome references ( Fig. 2 ) . For the rDNA assemblies, ca. 38 × sequencing depth was suffi cient for obtaining a similar number of unambiguously called bases as the higher sequencing depth assemblies, while only ca. 25 × sequencing depth was required to have a similar number of bases with at least 5 × sequencing depth as the higher sequencing depth assemblies. For the chloroplast assemblies, ca. 30 × sequencing depth provided assemblies with a similar number of unambiguously called bases at 5 × minimum sequencing depth as the higher depth data subsamples. Note that duplicate reads were not removed from the data set. While this would have eliminated PCR duplicates, biological duplicates would also have been eliminated. Removal of duplicate reads would slightly increase the number of sites with at least 5 × sequencing depth and slightly decrease the number of unambiguously called bases (S. Straub, unpublished data) .
When all sequencing depths were considered, paired-end read data sets signifi cantly increased the percentage of the reference sequence assembled for both the rDNA and plastome references as measured by the percentage of unmasked bases (rDNA, S = 370.50, P < 0.0001; cpDNA, S = 359.50 P < 0.0001). Use of paired-end information also signifi cantly increased the number of unambiguous base calls for the chloroplast reference ( S = 409.00, P < 0.0001), but the single-end data sets signifi cantly increased this value for the rDNA reference ( S = − 374.00, P < 0.0001). For the 0.5 × and 1 × paired-end subsamples, greater than 100% of the plastome reference was assembled because the paired-end information allowed assembly of small insertions of total length greater than small deletions Divergence from the reference had a signifi cant effect on assembly success in terms of the percentage of the plastome assembled and number of contigs in the assembly, but the lengths of the longest contig and N50 were unaffected by divergence beyond the conspecifi c comparison ( Fig. 4 ) . Regions that were often absent in consensus sequences derived from divergent references corresponded to the most quickly evolving regions of the chloroplast genome including intergenic spacers (e.g.,
, ndhF -rpl32 ), introns (e.g., rpl16 , ndhA ), and ycf1 (a putative pseudogene in Asclepias ). Apart from unassembled regions, few differences were observed among the assembly consensus sequences, nearly all of which were length differences of 2 -4 bp associated with mononucleotide repeats.
Genome skimming for phylogenetics in the Sonoran Desert clade of milkweeds (Asclepias) -Illumina sequencing, sequence assembly, and alignment -Sequencing was successful for all 14 genomic libraries with input DNA amounts as low as detected in this individual compared to the reference plastome ( Fig. 2D ) .
Assessing the utility of low coverage genomes for phylogenetic marker development -Signifi cantly more COSII loci overall (single-end, F 8,36 = 7669.66, P < 0.0001; paired-end, F 8,36 = 5737.84, P < 0.0001) and COSII loci with two or greater hits per locus (single-end, F 8,36 = 11 034.08, P < 0.0001; paired-end, F 8,36 = 15 576.86, P < 0.0001) were hit with each increase in sequencing depth ( Fig. 3 ) , except in the case of loci with two or more hits per locus for the step between the 0.01 × and 0.02 × sequencing depths with single-end reads ( P = 0.2471). The single-end data sets produced more COSII hits ( S = 198.50, P = 0.0112), but there was no difference in the number of loci with two or more hits for single-end vs. paired-end data ( S = − 7.500, P = 0.9291).
Effects of divergence from the reference on plastome assembly -Pairwise divergences between Asclepias and Nerium , Coffea , and Nicotiana were 0.046, 0.098, and 0.108, respectively. Plastome reference, paired-end read data subsamples. Simulated nuclear sequencing depth is given on the horizontal axis. The average estimated sequencing depth and standard deviation for the fi ve data subsamples at each depth point for each high copy target is given in parentheses below the overall nuclear sequencing depth values. Dark gray bars: percentage of the assembled reference consisting of unambiguous base calls. Light gray bars: percentage of the assembled reference with fi ve or more reads supporting each base call (i.e., percentage of unmasked sequence). Error bars show standard deviations. Differences among subsets sharing a letter are not statistically signifi cant after correction for multiple comparisons. support ( Fig. 5A ). The analysis of the rDNA matrix resulted in fi ve most parsimonious trees (L = 175, Ci = 90, Ri = 94) and a most likely tree (lnL = − 9260.123917), the topology of which did not confl ict with the strict consensus of most parsimonious trees ( Fig. 5B ) . The analysis of the mitochondrial DNA matrix resulted in four most parsimonious trees (L = 251, Ci = 93, Ri = 81) and a most likely tree (lnL = − 39 012.221073) with multiple topological confl icts with the strict consensus of the most parsimonious trees ( Fig. 5C ). In the strict consensus of most parsimonious trees, the positions of A. cutleri and A. leptopus were reversed and had high bootstrap support, 100% and 98% respectively. The parsimony analysis also indicated strong support (bootstrap 99%) for the sister group relationship between A. albicans 422 and A. subulata 411.
Intragenomic rDNA polymorphism analysis -Every individual analyzed was at least somewhat polymorphic at many positions and highly polymorphic in at least a few positions. Low proportion polymorphisms (proportion of reads differing from the consensus 0.02 ≤ N ≤ 0.10) ranged from 44 -361 polymorphic sites per individual, with a mean of 156 polymorphic sites (95% CI 104 -208). Highly polymorphic sites (proportion of differing reads ≥ 0.10) ranged from 4 -84 per individual, with a mean of . Asclepias syriaca plastome assembly success using reference sequences of varying divergence. Assembly qualities were compared using the following metrics: amount of sequence assembled relative to the reference, number of contigs, longest contig, and N50. The N50 value indicates that 50% of the total assembly is in contigs of this length or greater. Error bars show standard deviations. Differences among subsets sharing a letter are not statistically signifi cant.
83 ng ( Table 1 ). The total nuclear sequencing depths ranged from 0.07 -0.3 × , rDNA sequencing depths from 53 -636 × , chloroplast sequencing depths from 56 -300 × , and mitochondrial sequencing depths from 3 -21 × ( Table 1 ) . Nearly complete sequence assemblies were obtained for the plastome and rDNA cistron for all individuals. The percentage of masked bases in the plastome assemblies ranged from 0.01 to 1.63% (median 0.21%). The percentage of masked bases in the rDNA assemblies ranged from 0 to 0.99% (median 0.15%). The mitochondrial sequence assemblies were much less complete due to the low sequencing depth obtained for most individuals. Additional sites not masked for that reason had to be masked due to sequence rearrangements vs. the A. syriaca reference. The percentage of masked bases in the mitochondrial genome assemblies ranged from 1.38 to 83.71% (median 14.41%). Four sequences were removed from the matrix because they contained > 30% missing data, considering both gaps and masked bases. With these sequences removed, the median percentage of masked bases was 6.25%. In total, the three matrices contained 159 981 characters, 0.5% of which were parsimony informative in the ingroup ( Table 2 ; Appendices S2 -S4, see Supplemental Data with the online version of this article). Note: PICs = parsimony informative characters. 15.8 highly polymorphic sites (95% CI 4.9 -26.7). Across the rDNA cistron polymorphic sites were more abundant in spacer regions ( χ 2 = 6.28, df = 1, P = 0.012), with 32.8% of positions in the spacer regions and 26.6% of coding positions polymorphic in at least one individual. Highly polymorphic positions were much more skewed toward abundance in the spacer regions ( χ 2 = 47.81, df = 1, P < 0.0001), with 9.0% of positions in the spacer regions and 2.9% of coding positions highly polymorphic in at least one individual ( Fig. 6 ) . Twenty-six positions were highly polymorphic in more than one individual. At 18 of these positions, the individuals that were highly polymorphic were either of the same species or are sister species in the rDNA phylogeny ( Fig. 6 ).
Chloroplast and rDNA content of Apocynaceae Illumina libraries -In 80 Apocynaceae libraries, the average percentage of cpDNA sequence was 10.4% (SD 6.0) and the average percentage of rDNA was 1.0% (SD 0.5); however, a wide range of individual variation was observed ( Fig. 7 ) . The mean percentage cpDNA (11.4% SD 5.7) and rDNA (1.1% SD 0.5) observed in the Asclepiadeae (online Appendix S1) are both signifi cantly greater (cpDNA, t = 7.80 df = 30.53 P < 0.0001; rDNA, t = 9.00 df = 49.72 P < 0.0001) than the values observed in samples from other Apocynaceae tribes (cpDNA = 3.66% SD 2.6; rDNA = 0.43% SD 0.2).
DISCUSSION
Genome skimming in silico -Effects of sequencing depth and read type on assembly success -This simulation study helped address the relationship between sequencing depth and assembly success for high copy portions of the genome, represented by the rDNA cistron and plastome, and whether having positional information from paired-end reads increases the effectiveness of these assemblies. The key value for each of these combinations is the sequencing depth of the high copy target, rather than the overall sequencing depth, as the latter will be variable for every sequencing library. While a near-plateau in assembly success was reached in all cases between ca. 25 -40 × sequencing depth ( Fig. 2 ) , there were important differences between rDNA and chloroplast data sets and between single-end and paired-end treatments in each data set. The rDNA assemblies, for instance, required substantially higher sequencing depth in single-end compared to paired-end treatments to reach maximal assembly success, although single-end treatments had signifi cantly more unambiguous base calls. In contrast, in both single-end and paired-end cpDNA assemblies the minimum sequencing depth for a high quality assembly was around 30 × , but paired-end assemblies produced both more positions with ≥ 5 × coverage and more unambiguous base calls. Our results here are generally refl ective of those of Li and Homer (2010) , whose simulations supported the use of paired-end reads to reduce the number of incorrectly mapped reads and incorrectly called SNPs. Our results further indicate, however, that not only sequencing depth and read type, but the identity of the genomic target, will also infl uence the success of single-end or pairedend read assemblies.
Contrary to expectation, the largest data subsets for both rDNA and cpDNA suffered a decline in quality measured by a decrease in the amount of unambiguously called bases, which was more pronounced in the paired-end sets. For the rDNA subsets, this is likely due to rDNA polymorphism within or among rDNA arrays being sequenced at high enough depth that it reaches the threshold for ambiguous calls in BWA. Although heterozygosity due to heteroplasmy is not generally expected among plastome copies, the presence of mitochondrial and nuclear pseudogenes of chloroplast origin can cause apparent heteroplasmy. Incorporation of these reads only becomes a problem at higher sequencing depths because it is only then that these pseudogenes have enough sequencing depth themselves to become readily misincorporated into assemblies. This is likely to be a problem in most plant groups as transfer of chloroplast DNA into the mitochondrial and nuclear genomes is a welldocumented phenomenon ( Arthofer et al., 2010 ; Knoop et al., 2011 ) . That the effect is larger in the paired-end sets is likely due to reads containing the polymorphisms being mapped because their mates are mapped with high confi dence, whereas single-end reads differing too much from the reference remained unmapped ( Li and Homer, 2010 ) .
Effects of divergence from the reference on plastome assembly -Plastome sequence assembly from Illumina short read data are especially amenable to reference-guided assembly (e.g., Givnish et al., 2010 ; Straub et al., 2011 ) . Issues that will affect the applicability of this method for any particular study include availability of reference plastome sequences and divergence from the nearest available reference. The divergent reference test conducted for Asclepias indicates that even with a distantly related reference, Nicotiana (0.108 pairwise sequence divergence), more than 90% of the plastome can be assembled with minimal errors. Use of an Apocynaceae reference ( Nerium ) or Gentianales reference ( Coffea ) did not make a significant difference in how much plastome sequence was assembled, even though both performed signifi cantly better than the most divergent reference. As expected, the conspecifi c reference performed the best with 99.5% of the plastome assembled. Some of the unassembled portion corresponds to insertion/deletion polymorphisms between the two A. syriaca individuals, while the rest corresponds to sequence that cannot be correctly assembled from short read data due to chloroplast-mitochondrial pseudogene interaction or repeats ( Straub et al., 2011 ) . These results are similar to those obtained in other studies. Nock et al. (2011) determined that the rice plastome was a suffi cient reference for reference-guided assembly of other grass plastomes. Use of the conspecifi c and confamilial references did reduce the total number of contigs obtained, which is desirable for ease of downstream analyses of the assemblies. The other measures of assembly quality and success, longest contig and N50, did not show any difference between the divergent references tested. It should also be noted that use of 80-bp reads greatly improved assembly success over that achieved with shorter reads (40 bp) in a previous study ( Straub et al., 2011 ) .
Reference availability is not likely to be a problem for most studies. Given the plastome sequences currently available in GenBank, the majority of angiosperm (89%) and gymnosperm (99.9%) species belong to orders with one or more references. Choosing the least divergent reference from the study group will produce the best plastome assemblies (see also Parks et al., 2010 ) . It is noteworthy that the regions most likely to be absent in NGS assemblies from divergent references (e.g., intergenic spacers) are the same highly variable regions that have become very popular in molecular systematics studies ( Shaw et al., 2007 ) . The loss of these regions in NGS assemblies is more than compensated by a large increase in sequence data and the avoidance of alignment diffi culties often associated with these hypervariable loci. As NGS read lengths continue to increase, the ability to assemble such regions will also likely improve.
The results of this study highlight that the use of divergent references, such as in the Asclepias assembly with the Nicotiana reference, can provide assembly of greater than 90% of the plastome, which should be suffi cient for most phylogenetic applications. Regardless of the divergence from the reference, some changes, such as shifting of the inverted repeat boundary, will typically require hand curation. Additionally, it should be noted that reference-guided assembly is not tenable for highly rearranged plastomes (e.g., Guisinger et al., 2011 ) , which require de novo assembly.
Assessing the utility of low coverage genomes for phylogenetic marker development -Even at the lowest simulated sequencing depths, reads originating from single-copy nuclear loci were detected. Increasing sequencing depth increased the number of loci hit and numbers of loci with more than two hits to facilitate primer or probe design for phylogenetic marker development. Having single-end reads resulted in more genes hit overall, which would be expected due to the close physical association of paired-end reads decreasing the likelihood of mates hitting different genes. This same close physical relationship of the paired-end reads leads to the prediction that paired-end read pools would have more loci with two or more hits per locus due to the short physical distance separating the reads. However, this relationship was not observed. If this effect is present, it may only be important at lower sequencing depths because the pool of targets is fi nite. Additionally, the differences observed for this metric for the single-end and paired-end read pools were small and with only fi ve data subsamples per sequencing depth, the power for this analysis was too low to detect if these were signifi cant.
Primer or probe design for COSII candidate loci could be considered an added benefi t gained from genome skimming for plastome sequences. In the example presented here, targeting of the plastome at ca. 30 × depth would also yield the hits required for primer design for ca. 50 COSII candidate loci. If intron sequence is desired, the locations of the read hits could be compared to the intron locations in each candidate gene in Arabidopsis (DC.) Heynh. to design primers to specifi cally target them ( Straub et al., 2011 ) .
Utility of low coverage genome sequencing for phylogenetics: An example from the Sonoran Desert clade of milkweeds (Asclepias) -
The SDC consists of four core species of shrubs ( Asclepias albicans , A. masonii , A. subaphylla , and A. subulata ; Fishbein et al., 2011 ) endemic to the Sonoran Desert and two species found in peripheral areas on the western slope of the Sierra Madre Occidental and the Colorado Plateau ( A. cutleri and A. leptopus ; Fig. 8 ). The clade is of interest because of the striking discordance between molecular phylogenetic results and a classifi cation based primarily on fl oral morphology ( Woodson, 1954 ) , which proposed distant relationships among A. cutleri , A. leptopus , A. subulata , and a taxon including A. albicans , A. masonii , and A. subaphylla .
Molecular phylogenetics of the SDC -Phylogenetic resolution, support, and topology differed across whole plastome, whole rDNA cistron, and concatenated contigs from the mitochondrial genome ( Fig. 5 ) . In the plastome phylogeny ( Fig.  5A ) , the strong support for the monophyly of the core SDC is congruent with the result of Fishbein et al. (2011) . Within the core SDC, none of the plastome sequences of the three species for which two accessions were sequenced were recovered as sister to each other, making direct comparison to the results of Fishbein et al. (2011) , in which only a single accession was sequenced per species, diffi cult. Nonetheless, incongruence between the studies is apparent. Fishbein et al. (2011) found A. subulata / A. masonii and A. albicans / A. subaphylla to be sister-species pairs, but neither of these pairs was recovered here. Notably, two of four core SDC accessions used by Fishbein et al. (2011) were also sampled in the present study. Thus, confl icting phylogenies of the plastid genome in the core SDC likely derive from (1) nonidentical sampling, (2) nonrepresentative signal in the regions used by Fishbein et al. (2011) , and/or (3) population size of the plastome relative to nuclear loci. There is also moderate support for the monophyly of all core species to the exclusion of A. masonii , again strongly confl icting with the plastome phylogeny. Placement of A. masonii as the earliestdiverging lineage in the core SDC could have important implications for the biogeography of the Baja California peninsula, because it would be consistent with the persistence of an early-evolving desertic lineage on barrier islands of the Pacifi c coast. Parsimony and likelihood analyses both weakly support the sister relationship of A. cutleri to the core SDC, as favored by the MP plastome phylogeny, but in confl ict with the ML plastome phylogeny and Fishbein et al. (2011) .
Phylogenetic analysis of concatenated mtDNA contigs provides novel results ( Fig. 5C ) ; however, these are mostly very weakly supported. Monophyly of the core SDC is again strongly supported, but strong support within the core clade is found only at confl icting nodes between the MP and ML analyses. As with plastome and rDNA data, basal relationships of the SDC are problematic. Parsimony places A. leptopus as sister to the core clade, but A. cutleri is found (bootstrap < 50%) in this position in the ML tree. Notably, the monophyly of the SDC is questioned by the mtDNA data ( Fig. 5C ). This mitochondrial evidence for nonmonophyly of the SDC is intriguing because precise phylogenetic relationships depend on analytic method and there are no morphological data supporting a close relationship of A. macrotis to core SDC species. Additional scrutiny of this sample of the mitochondrial genome for artifactual phylogenetic signal is warranted.
These results demonstrate how NGS can provide large amounts of data from all three plant genomes for phylogenetic studies ( Tables 1, 2 ). However, the amount of incongruence observed in this study and in comparison to previous work for a small clade (six species), with only limited within-species sampling, focuses attention on the prediction that large amounts of data will not necessarily provide a decisive picture of evolutionary history due to gene tree/species tree confl icts ( Degnan and Rosenberg, 2009 ; Blair and Murphy, 2011 ) . Interlocus incongruence will likely become only more apparent as we further explore the phylogeny of this group through increased sampling of individuals and single copy nuclear genes working toward a species tree for the SDC and the other 115+ species of Asclepias. However, we have not yet taken advantage of approaches to coalescent modeling of phylogenies that may strengthen the inference of species trees by assessing the probabilities of incongruent gene trees ( Edwards, 2009 ) .
Intragenomic rDNA polymorphism in the SDC -With the sequencing depth afforded by our approach to genome skimming, we detected considerable polymorphism among rDNA cistron copies within individuals. Because fragments are read independently, rather than collectively as in Sanger sequencing, differences among reads at homologous positions can be easily quantifi ed. These data provide information on mutational and evolutionary processes in high-copy regions and can reveal cryptic, possibly phylogenetically relevant, diversity within and among target taxa. Here, we have quantifi ed polymorphism among the ~1800 copies of rDNA present in Asclepias ( Straub et al., 2011 ) . Not only does genome skimming reveal levels and patterns of rDNA polymorphism, it also reinforces the caveats associated with using these sequences for barcoding efforts and phylogenetic analyses ( Á lvarez and Wendel, 2003 ; Feliner and Rossell ó , 2007 ) . the effect of additional within-species sampling, perhaps involving incomplete lineage sorting. The remaining members of the SDC, A. cutleri and A. leptopus , were resolved by Fishbein et al. (2011) with A. leptopus well supported as sister to the core SDC. This relationship was recovered in the ML phylogeny of whole plastomes with very weak support. The internal branch uniting the core SDC with either A. cutleri or A. leptopus is considerably shorter than any other branch, including within species. This result suggests a rapid diversifi cation at the origin of the SDC and demands an intensive multilocus approach to resolving this key node. The additional nuclear loci that we obtained through our genome skimming approach should be useful to this pursuit in the future.
The rDNA phylogeny ( Fig. 5B ) is congruent in broad strokes to the plastome phylogeny, with important confl icts within the monophyletic core SDC. The two accessions of A. subaphylla are strongly supported as sisters, strongly confl icting with the cpDNA data and suggesting the existence of either incomplete lineage sorting of plastome variants in the species or plastome introgression. The latter seems more likely because of the small extant populations of A. subaphylla , and the smaller effective lar to the range of variation reported here for Apocynaceae (0.7 -29.5%; Fig. 7 ) . It is noteworthy that values below 3.9% were found only in very young leaves ( < 10% mature size), whereas leaves > 50% of the mature size had > 15.4% plastid DNA ( Rauwolf et al., 2010 ) . On the other hand, as leaves senesce, cpDNA content typically declines ( Rowan et al., 2009 ). Thus, to maximize the yield of plastid DNA in a sample, healthy recently matured leaves are recommended for DNA extraction.
Optimizing sequencing protocols for the expected amount of target DNA in an Illumina library is complicated because genomic libraries will include variable amounts of both target DNA and adapter/primer contamination dependent on the study organism, the source tissue, and the method and effi ciency of library preparation. The proportion of adapter/primer DNA present in a library can be estimated prior to sequencing through quantitative electrophoresis ( Quail et al., 2008 ) . The copy-number ratio of target to nontarget genomic DNA may be quantifi ed through qPCR ( Castle et al., 2010 ; Givnish et al., 2010 ; Lutz et al., 2011 ) and, when combined with estimates of total genome size, could be used to estimate the proportions of target and nontarget DNA in genomic pools. In cases where qPCR technology is not available or is cost-prohibitive, it may be best to conservatively estimate the proportion of target DNA as 5% or less of the genomic DNA in a library. For example, in this study, 80% of sampled Apocynaceae had > 5% cpDNA, and 60% of the other seed plants assessed had > 4% cpDNA. Therefore, when the amount of cpDNA is unknown, using 4 -5% as a conservative estimate in multiplex calculations (discussed later) may be reasonable. A second factor to consider is the sequencing depth desired, which ultimately depends on the aims of the project. Although base-call accuracy for next-generation platforms is improving, error rates are still higher than for traditional Sanger sequencing ( Shendure and Ji, 2008 ; Harismendy et al., 2009 ). Thus, coverage depths of at least 20 × are commonly recommended for confi dence in SNP calls ( Bentley et al., 2008 ; Dohm et al., 2008 ; Harismendy et al., 2009 ; Whittall et al., 2010 ) , although a number of probabilistic base-call algorithms are now available that can more effi ciently measure confi dence in lower coverage variants ( R. Malhis and Jones, 2010 ; Ratan et al., 2010 ) . Regardless, it is advisable to aim for overall average target coverage depths that are higher than the desired sequencing depth to account for the diffi culty of precise genomic library quantifi cation and the unequal sequencing effi ciency of different multiplex tags ( Craig et al., 2008 ; Cronn et al., 2008 ) , as well as to minimize missing SNPs due to dips in coverage.
Finally, methodologically based loss of sequencing capacity must also be taken into account. For example, under-or overloaded sequencing surfaces can lead to losses in output through underutilization of sequencing space or decreased read quality due to high cluster density, respectively. Barcode sequences used to distinguish multiplexed samples also consume sequencing capacity (a 6-bp barcode would account for 6% of a 100-bp read), and a certain proportion of reads will not be assignable due to sequencing error in the barcode. It is possible to minimize these losses to a degree, for instance, through quality control of cluster generation ( Quail et al., 2008 ) or the use of barcode indexes placed within one of the adapters, and identifi ed in a separate sequencing reaction ( Meyer and Kircher, 2010 ) . Still, it is likely that these types of diffi culties will continue to claim signifi cant portions of sequencing capacity. As a result, a conservative estimate is again recommended, such as a total loss of 10 -30% of optimum sequencing output. Levels of rDNA polymorphism within the SDC taxa are comparable to previous studies in other organisms ( Ganley and Kobayashi, 2007 ; Stage and Eickbush, 2007 ) . The strongly uneven distribution of highly polymorphic positions across the rDNA cistron relative to the much more uniform (though still significantly skewed) distribution of low-level polymorphisms suggests that polymorphisms can be tolerated at most positions at low levels, but highly polymorphic positions within coding regions may be selectively disadvantageous.
We also discovered intriguing patterns of rDNA polymorphism among individuals. Most instances of positions that were highly polymorphic in multiple individuals were found within species or in sister taxa. The presence of homologous rDNA positions that tend to vary within individuals of the same or closely related species has several possible explanations: they may be the result of retained ancestral polymorphisms; they may indicate positions with inherently higher mutation rates in some species relative to others; or they may indicate selectively neutral mutations that are more likely in some species than others, especially at low frequencies within the genome.
Chloroplast and rDNA content of Apocynaceae Illumina libraries -Plastid DNA content variation in Apocynaceae encompasses the range observed in species representing diverse taxonomic groups, genome sizes, and growth forms ( Table 3 ) . Although no trends are apparent in this small sample of seed plants, our focused sampling of Apocynaceae indicates significant differences in plastid (and rDNA) content between the Asclepiadeae (represented by Asclepias , Calotropis R.Br., and Pergularia L.) and 11 genera representing seven other tribes of Apocynaceae ( Fig. 7 , online Appendix S1). The reason for the relatively low plastid and rDNA content observed in Apocynaceae outside of Asclepiadeae remains unknown. Determining whether this refl ects a phylogenetic pattern, a correlation with growth form (primarily herbaceous vs. woody), ecology (warm temperate -subtropical vs. subtropical -tropical), or some other factor, such as the developmental stage of the tissue at the time of collection, will require much greater sampling.
Next-generation sequencing for genome-enabled systematics studies: Considerations and recommendations -Considerations for genome skimming in plants -As demonstrated here and in other studies ( Givnish et al., 2010 ; Meyers and Liston, 2010 ; Nock et al., 2011 ; Steele and Pires, 2011 ; Straub et al., 2011 ) , information about the high-copy fraction of plant genomes (rDNA, chloroplast and mitochondrial genomes) is obtained relatively easily through Illumina sequencing of genomic DNA library preparations. These regions can be sampled from a large number of species at a low cost using genome skimming in combination with multiplexing strategies for massively parallel sequencing (e.g., Cronn et al., 2008 ; Meyer and Kircher, 2010 ; this volume: Cronn et al., 2012 ) . Targeting of the plastome and rDNA, standards of molecular systematics studies for the last 20 years, requires consideration of their proportions in a genomic DNA extraction and subsequent Illumina library. The amount of rDNA present in a sample will be based on the number of rDNA repeats in the sampled genome, a quantity known to vary even at the population level and ranging from hundreds to tens of thousands of copies ( Rogers and Bendich, 1987 ) . The amount of plastid DNA per cell is even more highly labile, varying among organs and developmental stages. A recent study of sugar beet ( Rauwolf et al., 2010 ) observed a range of variation (0.4 -22.4%) in developing leaves that is very simi- 
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Targeting nuclear rDNA -Although we found that 40 × sequencing depth was suffi cient for high quality rDNA cistron assembly, this was with a full reference sequence. (See Straub et al. [2011] for details on using ITS sequences [hundreds of bp] as the seeds to build cistron-size [thousands of bp] assemblies.) We suggest sequencing rDNA to a minimum 100 × fi nal sequencing depth to facilitate assembly and to survey and account for the polymorphism among repeat arrays. We recommend masking sequences at bases with less than 5 × depth to prevent unintentional incorporation of sequencing errors into consensus sequences. This last recommendation applies not only to rDNA, but to all assembled targets.
Targeting plastomes -Our results indicate that sequencing the plastome to a minimum 30 × fi nal sequencing depth for single-copy regions will yield high quality assemblies. We recommend masking SNPs vs. the reference in reference-guided assemblies with less than 20 × depth for the substitution base call, especially when the sequences are meant for downstream phylogenetic analyses. Although quantifi cation of the proportion of plastome target DNA could be useful due to the variability observed in plants for this quantity, we do not generally recommend qPCR. The costs associated with universally applying this technique are likely to be greater than the resequencing costs for libraries that need additional sequencing depth for successful plastome assembly.
Targeting the mitochondrial genome -General recommendations for obtaining mitochondrial genomes are more diffi cult to make due to the wide variation in their size and complexity observed among plants ( Knoop et al., 2011 ) and the analytical challenges associated with assembling repeated sequences ( Schatz et al., 2010 ) . At the least, the highly conserved coding sequences and nonrepetitive fl anking regions can be obtained through reference-guided assembly ( Straub et al., 2011 ) . Sequencemasking criteria should follow those suggested for rDNA and cpDNA sequences.
Targeting the nuclear genome -As evidenced by the COSII analysis, even very low coverage genomes can be mined for information, although for nuclear genomes the amount of information obtained will be dependent upon genome size, which varies by orders of magnitude in plants ( Bennett and Leitch, 2011 ) . Beyond the COSII resource available for asterids used here, studies in other groups of interest could take advantage of putatively single copy nuclear loci identifi ed across a wide range of angiosperms (154 genes, Shulaev et al., 2011 ; 959 genes, Duarte et al., 2010 ) . In addition to using traditional PCRbased methods to develop these loci for phylogenetic studies in any particular group followed by either traditional Sanger sequencing or amplicon sequencing on NGS platforms (see Cronn et al. [2012] in this volume), the information could instead be used to design probes for solution hybridization or other genome reduction or targeting methods (see Cronn et al., 2012 ) . Microsatellites for population studies are also readily identifi ed from Illumina data (e.g., Jennings et al., 2011 ) .
General strategies -One strategy that could be useful for the types of studies described here is to choose a species from the group of interest and sequence an individual more deeply than what is planned for the study as a whole. Combinations of reference-guided and de novo assembly (e.g., Whittall et al., 2010 ; Straub et al., 2011 ) or iterative reference-guided assembly with Taking the discussed factors into consideration, one could then estimate an appropriate multiplex level to maximize the return on sequencing effort on any desired sequencing platform as follows:
LC CF PTG ML = CD TaG , where ML = multiplex level possible, LC = lane capacity of sequencing instrument in base pairs (factoring in both the number of sequences generated and read length); CF = correction for tag, adapters, reads not passing quality fi ltering; PTG = proportion of reads in read pool mapping to genomic target, CD = coverage depth desired (e.g., 20 × , 40 × , etc.); and TaG = target genome size (bp). Paired-end sequencing, of course, would allow twice the number of samples to be sequenced in a single lane. For example, paired-end sequencing in a single lane of the Illumina HiSeq 2000 with 100-bp read lengths, assuming an optimal cluster density of 135 million clusters per lane and 20% lost sequencing capacity due to quality fi ltering and barcode sequence, would theoretically allow at least 135 samples for plastome sequencing (5% cpDNA, 50 × depth) to be multiplexed in a single lane. Although high levels of multiplexing would require a signifi cant investment in oligonucleotides, the sequences of over 200 barcode index adapters are available ( Meyer and Kircher, 2010 ) .
General recommendations -The following are general recommendations for using the genome skimming approach presented here for plant molecular systematics studies (see also Fig. 1 ).
Library preparation -Although the standard Illumina library preparation protocol calls for 1 -5 µ g of input DNA, we have demonstrated that Illumina libraries can be successfully prepared and sequenced using much less DNA (as low as 37 ng, with 24 libraries with less than 200 ng input DNA; online Appendix S1). Note that due to the high-copy nature of our target DNA, we performed half-size reactions, which would not be appropriate for studies with low-copy nuclear regions as the primary targets. Due to our elimination of the size selection step of the Illumina protocol to shorten preparation times and minimize DNA loss, use of the smallest amounts of DNA may be most appropriate for single-end sequencing because downstream applications for analysis of paired-end data may require a narrow range of insert sizes to be effectively used. The success of genomic library preparation with very low input DNA also means that DNA extractions from herbarium specimens are likely of high enough quality for Illumina sequencing (e.g., A. macrosperma Eastw. DNA extracted 21 yr after specimen was collected; online Appendix S1). These results indicate that plant systematists could begin genome skimming in their groups of interest with stocks of DNA they already have on hand. Although we have successfully sequenced hundreds of genomic libraries with barcodes placed at the 3 ′ end of the ligated adapters ( Cronn et al., 2008 ) , we have occasionally had lanes that were incorrectly processed by the Illumina base-calling algorithm, apparently due to unbalanced base composition resulting from the multiplex indexes ( Kircher et al., 2011 ) . For this reason, we recommend the use of barcode indexes that are internal to the sequencing adapter ( Meyer and Kircher, 2010 ) . sequencing depth for reference-based approaches to assemble nearly complete plastome and ribosomal DNA sequences. The mitochondrial genome has been underutilized in plant systematics, due to the highly conserved nature of its coding loci, coupled with highly divergent noncoding regions and ubiquitous rearrangements. Likewise, repeats other than rDNA are rarely used in plant systematics, due to their rapid rate of sequence evolution and lack of sequence information from most taxa. The approaches described should accelerate the utilization of mtDNA and other classes of repetitive DNA in phylogenetic analyses and increase the spectrum of nuclear loci available for comparative studies across the land plants. Admittedly, the approach presented here is only the tip of the iceberg for what can be done with the incredible capacity of NGS technologies and for genomics in nonmodel organisms. In crop plants and a small number of plant models ( Arabidopsis , Helianthus L., Mimulus L.), genomics is rapidly advancing the goal of linking the genotype and phenotype ( Song and Mitchell-Olds, 2011 ) . Future developments in third-generation sequencing technologies ( Munroe and Harris, 2010 ) and beyond will ultimately lower the cost of sequencing to the point that full-scale comparative genomics, including the evolution of plant morphological characters and physiological traits, will be possible for any plant group of interest. LITERATURE CITED successively less-divergent references ( Givnish et al., 2010 ; Straub et al., 2011 , this study) can then be used to produce plastome and rDNA cistron reference sequences for referenceguided assembly for these targets in more shallowly sequenced species. The more deeply sequenced individual will also provide a wealth of information for exploration of the mitochondrial and nuclear genomes and development of low-copy nuclear genes for further studies. The multiplex level possible will depend on the genomic target, sequencing capacity of the sequencer, and the nuclear genome size, if nuclear targets are desired, for any specifi c study ( Fig. 9 ) .
In addition to the technical aspects discussed here bioinformatics and downstream data analysis also present signifi cant challenges ( McPherson, 2009 ; Steele and Pires, 2011 ) . There are an ever-increasing number of options available for short read analysis, a discussion of which is beyond the scope of this paper. However, new applications and services are continually being developed to bring genome scale data manipulation and phylogenomic analyses into the reach of every laboratory and budget with both open source (e.g., Galaxy: Blankenberg et al., 2010 ; Goecks et al., 2010 ; CIPRES: Miller et al., 2010 ; iPlant collaborative: Goff et al., 2011 ) and commercial options (e.g., Geneious: Biomatters Ltd., Auckland, New Zealand; CLC Genomics Workbench: CLC-bio, Cambridge, Massachusetts; Amazon Web Services cloud: http://aws.amazon.com/) for analysis software and hardware access ( Schadt et al., 2010 ) .
Conclusions -Researchers targeting the nuclear genome generally consider the plastome and mitochondrial genome as " contamination " ( Lutz et al., 2011 ) , and protocols have been developed to minimize the percentage of these organelles in genomic DNA ( Gore et al., 2009 ; Carrier et al., 2011 ; Lutz et al., 2011 ) . In parallel, transcriptome studies take steps to reduce the abundance of ribosomal RNA in their samples (this volume: Cronn et al., 2012 ) . Ironically, these same plastid and rDNA " contaminants " have historically been the most important targets for comparative sequencing studies in plant systematics. Our simulations and empirical results demonstrate that plant systematists can take advantage of this fact to obtain suffi cient Fig. 9 . Levels of sample multiplexing for different genomic targets and sequencing capacity. Multiplex calculations are based on the median genome size for angiosperms ( Bennett and Leitch, 2011 ) . Sequencing capacity is based on Illumina product literature and our own experience for the GAIIx and HiSeq2000 platforms.
